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Procedure (Note 1)

A. Cinnamyl carbamate (2). An oven-dried, 500-mL, three-necked, round-
bottomed flask equipped with a Teflon-coated magnetic stir bar (3 cm),
thermometer (thermocouple), water-cooled condenser (with gas inlet and
bubbler adapter), and inert gas inlet with stopcock at the side neck (Figure
1A) was charged with cinnamyl alcohol (1) (10.00 g, 74.5 mmol, 1.00 equiv)
(Note 2), phenyl carbamate (15.33 g, 111.8 mmol, 1.5 equiv) (Note 3), and di-
n-butyltin maleate (780 mg, 2.2 mmol, 3.0 mol%) (Note 4) through the side
neck of the flask. After the stopcock adapter was replaced and the apparatus
was purged with argon through the gas inlet for 15 min, 300 mL of dry
toluene was added (Note 5) (Figure 1B and 1C), and the resulting mixture
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was heated at 90 °C (internal temperature, Note 6) for 3 h under a positive
pressure of argon via a gas inlet. The progress of the reaction was followed
by TLC analysis (Note 7). The resulting yellow solution (Fig. 1D, E) was
cooled to room temperature (Note 8, 9), and aqueous NaOH (2 equiv, 5.84 g,
146 mmol, dissolved in 100 mL of water) (Note 10) was added. After stirring
for 30 min, CH,Cl, (150 mL) and H,O (200 mL) were added. The organic layer
was separated, washed with 1 M aqueous solution of NaOH (1x50 mL), H,O
(1x50 mL), and brine (1x50 mL), dried over anhydrous MgSO, (150 g), and
then concentrated in vacuo (Note 11-13) to provide 13.98 g of carbamate 2
(97% yield, 72.58 mmol) as a pale-yellow solid, with a 92% purity based upon
qNMR analysis (Note 14).

Figure 1. (A) The glassware setup for the reaction; (B) The reaction
mixture just after the addition of the solvent; (C) The reaction mixture at
the beginning of the heating; (D) The reaction mixture after 2 h at 90 °C;

(E) The reaction mixture after cooling to room temperature (22 °C)

The resulting pale-yellow solid carbamate 2 (13.98 g) was dissolved in 60
mL of hot EtOAc and kept at reflux for 60 min. After 4 h, the crystalline
product was collected by filtration through a Buchner funnel equipped with
a paper filter (Note 15). The collected crystals were washed with a small
amount of cold EtOAc (0-5 °C). The resulting mother liquor was reduced to
one-half of its original volume. The precipitated product was redissolved by
heating, and the resulting solution was left for a second crystallization (Note
16). To the remaining filtrate, 15 mL of cyclohexane was added to initiate the
third crystallization process. The resulting precipitate (as a white powder)
was collected by filtration through a Buchner funnel (Note 16). The collected
crystal fractions were transferred to separate round-bottom flasks and kept
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in vacuo for 4 h (the 1* crop 4.76 g, the 2™ crop 3.98 g, and the 3™ crop 2.87 g)
(Note 17). The total amount of the collected product 2 was 12.11 g (90%
isolated yield) (Note 18, 19), with a purity of 100% as determined by qNMR
(Note 14).

B. N-(1-phenylallyl)acetamide (3). In a 100-mL recovery flask, cinnamyl
carbamate 2 (3.00 g, 16.93 mmol, 1.00 equiv) was dissolved in toluene (10 mL),
and the solvent was removed azeotropically by rotary evaporation (70 mbar,
45 °C). After repeating this procedure two more times, and followed by
drying under vacuum (5 x 10? mbar) for 60 min, carbamate 2 was dissolved
in dry THF (30 mL) (Note 20), then transferred by cannula to a 250-mL three-
necked, round-bottomed flask equipped with a stir bar, a thermocouple
connected to a digital thermometer, and an inlet adapter connected to an
argon inlet. The flask was charged with dry THF (70 mL) (Note 20) and
anhydrous triethylamine (10.28 g, 101.58 mmol, 14.16 mL, 6 equiv) (Note 21)
(Figure 2A). The flask was cooled with an isopropanol/dry ice bath (internal
temperature —15 °C, Figure 2B). Next, trifluoroacetic anhydride (7.11 g, 33.86
mmol, 4.7 mL, 2.00 equiv) (Note 22) was added using a 5 mL syringe (Note
23) at a rate that maintains the internal temperature below —10 °C (ca. 10 min)
(Figure 2C). After the addition of the anhydride, the reaction mixture was
kept at —10 °C for 20 min. Then the cooling bath was removed, and the
resulting pale-yellow solution was stirred at room temperature for 40 min
(Figure 2D).

Al > o fJC__ -
Figure 2. (A) The glassware setup for the reaction after addition of THF,
carbamate 2, and Et;N; (B) The cooling reaction mixture before the
addition of TFAA; (C) The reaction mixture after addition of TFAA at-10
°C; (D) The reaction mixture after removal of the cooling bath with
continued stirring at room temperature under argon
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After monitoring the disappearance of carbamate 2by TLC analysis
using 50:50 v/v EtOAc/n-hexane as eluent (ca. 50-60 min) (Note 24), the
reaction mixture was again cooled with an acetone/dry ice bath (internal
temperature -78 °C), a gas outlet connected with a bubbler was attached, and
33.9 mL of 3 M solution of MeMgBr (101.58 mmol, 6 equiv) (Note 25) was
added slowly using a 20 mL syringe (Note 26) at a rate to maintain an internal
temperature below —60 °C (ca. 10-15 min). During the addition, the reaction
mixture became a milky white, turbid suspension (Figure 3A). After 30 min
at-78 °C, the cooling bath was removed, and the reaction mixture was stirred
at room temperature. During this time, the reaction mixture changed from
white (Figure 3B) to pale-orange (Figure 3C).

Figure 3. (Ai he reaction mixture (step 2) after addition of MeMgBr at -
15 °C; (B) The reaction mixture after the removal of the cooling bath; (C)
The reaction mixture after 2 h at room temperature

The disappearance of isocyanate intermediate was monitored by TLC
analysis using 50:50 v/v EtOAc/n-hexane as eluent (Note 27). After a period
of 120 min, the reaction mixture was transferred to a 500 mL separating
funnel and diluted with EtOAc (200 mL) and water (100 mL). The aqueous
phase was separated and treated with 1 M aq. HCI (150 mL), then extracted
with EtOAc (2 x 100 mL). Subsequently, the combined organic layers were
washed with sat. NaHCO; (1 x 100 mL), brine (1 x 100 mL), and dried over
anhydrous MgS0, (250 g) in 1 L conical flask. After removal of the solvents
and volatiles on a rotary evaporator (water bath temperature: 15 °C, 210 mbar
to 100 mbar) (Note 28), the residual yellow-orange sticky liquid was subjected
to silica gel column chromatography (Note 29). The combined fractions were
concentrated on a rotary evaporator (water bath temperature: 40 °C, 210
mbar, to 15 mbar) and dried under vacuum (5 x 102 mbar) to furnish 2.04 g
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of acetamide derivative 3 as a white solid (98.7% purity, 68% overall yield
from 2) (Notes 30-32).

Notes

1. All glass apparatus was dried in an oven at 120 °C for 12 hours and cooled
in a drying desiccator.

2. Cinnamyl alcohol [CAS 104-54-1] (98%) was purchased from Alfa Aesar
and was used as received.

3. Phenyl carbamate [CAS 622-46-8] (98%) was purchased from Alfa Aesar
and was used as received.

4. Di-n-butyltin maleate [CAS 78-04-6] (99%) was purchased from TCI
Chemicals and was used as received.

5. Toluene was purchased from Honeywell (cat. no. 34494). This solvent
was dried by using a Solvent Purification System (MBraun MB-SPS-5).

6. The reaction flask was placed into a metal heating mantle and heated by
a magnetic stirrer hotplate. The temperature was controlled by a
thermocouple element directly immersed in the reaction mixture.

7. The progress of the reaction was monitored by thin-layer
chromatography (TLC) using Merck pre-coated 0.25 mm thick silica gel
60 F254 plates (cat. no. 1.05554). The plates were eluted with 50:50 v/v
EtOAc/hexanes and visualized with a UV lamp (254 nm), followed by
dipping with Hanessian’s stain or KMnO, stain and heating with a heat
gun. R¢ = 0.7 (phenol); 0.5 (cinnamy! alcohol 1), 0.3 (phenyl carbamate 2)
(Figure 4).

UV lamp (254 nm) Hanessian’s stain KMnO, stain

o o ey A: cinnamyl alcohol

Qo \(F) B: phenyl carbamate
| C: dibutyltin maleate
(H) D: reaction mixture

3 E: SMs and rxn mixture
a0 F: phenol
L X H: cinnamyl carbamate
.0e8
=
AcOEt/hexanes AcOEt/hexanes AcOEt/hexanes
50:50 v/v 50:50 v/v 50:50 v/v

Figure 4. TLC monitoring of carbamoylation reaction of 1
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The initially clear yellow solution turns cloudy when it cools to room
temperature because the remaining phenyl carbamate is not easily
dissolved in toluene. At this point the reaction mixture can be subjected
to a work-up, or left overnight to start the work-up the next morning.
Room temperature throughout this manuscript refers to a temperature
between 21 °C and 23 °C.

This step facilitates the removal of the phenol and an excess of phenyl
carbamate. Approx. 30 min is enough to remove the phenol and
hydrolyze the remaining phenyl carbamate. The longer exposure to the
base resulted in partial hydrolysis of the produced carbamate.
Throughout this manuscript, a rotary evaporator R-300 purchased from
BUCHI Labortechnik AG was used, with a rotation rate of 180 rpm, and
the temperature of the water bath was set to 40 °C. To remove the
toluene-dichloromethane solvent mixture, the following drying method
was used: 20 min at 400 mmHg, 20 min at 75 mmHg, 5 min at 25 mmHg.
The removal of the phenol can be followed by TLC analysis, as illustrated
in Figure 5:

A: reaction mixture

B: co-spot

C: reaction mixture after 30 min stiring with NaOH
D: after extraction with 1M NaOH

E: after washing with water

F: after washing with brine

G: combined aqueous phases

H: combined organic phases

Figure 5. Purification of cinnamyl carbamate 2 (TLC monitoring)

If the combined aqueous layers still contain product, it is recommended
to extract them with one (100 mL) or two more portions of CH,Cl.

The purity of product 2 was determined by 'H NMR spectra recorded in
CDCl; with 1,3,5-trimethoxybenzene ([CAS 621-23-8], Sigma-Aldrich,
cat. no. 138827, 99%) as an internal standard by checking authors.

A 70 mm diameter filter paper obtained from Fisher (range: QL100, cat.
no. 11556873) was used in the filtration steps.

The collected crystals were washed with a small amount of cold EtOAc
(0-5°C), and dried in vacuo (Figure 6). For drying, room temperature and
pressure lower than 15 mmHg were maintained.
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Figure 6. Isolated cinnamyl carbamate 2

The submitting authors reported that 2 can also be purified by flash
column chromatography on silica gel, with EtOAc and hexane mixtures
as eluents and a gradient that goes from 1:5 to 1:0 v/v. However, if one
carries out the synthesis of cinnamyl carbamate 2 on a larger scale (over
3 g), recrystallization is recommended. During chromatography,
compound 2 may crystallize on the silica gel, prolonging the purification
process and necessitating more solvents to elute it from the column.
High vacuum was established with a vacuum oil pump provided by
Vacuubrand GmbH & Co. KG. For drying, room temperature and
pressure lower than 15 mmHg were maintained

Spectral data for carbamate 2: '"H NMR (500 MHz, CDCl;) 6 7.41 — 7.37
(m, 2H), 7.35 - 7.30 (m, 2H), 7.29 - 7.23 (m, 1H), 6.65 (dt, ] = 16.0, 1.5 Hz,
1H), 6.29 (dt, ] = 15.9, 6.4 Hz, 1H), 4.99 — 4.82 (m, 2H), 4.73 (dd, ] = 6.3, 1.4
Hz, 2H) ppm; “C NMR (126 MHz, CDCls) d 156.9, 136.4, 134.0, 128.7,
128.1, 126.7, 123.7, 65.8 ppm; HRMS (ESI) m/z caled for CioHii1NO:Na
[M+Na]* 200.0682; found 200.0684; FTIR (film) » 3418, 3332, 3273, 3204,
1682, 1629, 1603, 1412, 1344, 1116, 1052, 970, 746, 694 cm™; Elemental Anal.
Calced for C;0H11NOs: %C 67.78; %H 6.26; %N 8.06; found %C 67.65; %H
6.25; %N 8.02; M.p. 124-126 °C.

Tetrahydrofuran (99.5%, Extra dry over molecular sieves) was purchased
from Thermo Scientific (cat. no. 348450010).

Anhydrous trimethylamine (99%) [CAS 121-44-8] was purchased from
Sigma Aldrich (cat. no. 471283) (SureSeal® Anhydrous Chemicals Series)
and was used as received.

Trifluoroacetyl anhydride (99%) [CAS 407-25-0] was purchased from
Merck (cat. no. 8.08261) and was used as received.
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The needle used for the syringe is 21 G (0.8 mm x 40 mm).

24. The progress of the first step was monitored by thin-layer

25.

26.
27.

chromatography (TLC) using Merck pre-coated 0.25 mm thick silica gel
60 F254 plates (cat. no. 1.05554). The plates were eluted with 50:50 v/v
EtOAc/hexanes and visualized with a UV lamp (254 nm), followed by
dipping in Hanessian’s stain and heating with heat gun. R¢ = 0.5
(cinnamyl alcohol), 0.7 (cinnamyl isocyanate) (Figure 7).

UV: 254 nm Hanessian'’s stain

| Eluent: 50 : 50 AcOEt/n-hexanes
|
oz' |
! |

A: cinnamyl carbamate
. B: SMs and rxn mixture
A B 6 / C: reaction mixture (step 1)

Figure 7. TLC monitoring during synthesis of compound 3 (steps 1-2:
dehydration and rearrangement)

Methylmagnesium bromide (3M solution in EtO, AcroSeal™) [CAS 75-
16-1] was purchased from Thermo Scientific Chemicals (formerly Acros
Chemicals) (cat. no. 183548000) and was used as received.

The needle used for the syringe is 21 G (0.8 mm x 120 mm).

The progress of the second step was monitored by thin-layer
chromatography (TLC) using Merck pre-coated 0.25 mm thick silica gel
60 F254 plates (cat. no. 1.05554). The plates were eluted with 50:50 v/v
EtOAc/hexanes and visualized with a UV lamp (254 nm), followed by
dipping in Hanessian’s stain and heating with a heat gun. Rf = 0.5
(cinnamyl carbamate), 0.7 (cinnamyl isocyanate), 0.3 (product 3) (Figure
8).
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UV: 254 nm Hanessian’s stain KMnQ, stain

Eluent: 50 : 50 AcOEt/n-hexanes

A: cinnamyl carbamate
B: reaction mixture (step 1)
C: reaction mixture (step 2)
D: SM and rxn mixtures

product 3

Figure 8. Synthesis of compound 3: TLC monitoring of step 1 and 2

It was observed that concentration at 40 °C led to a more complex TLC
profile, suggesting that the target compound undergoes partial
decomposition at this temperature (Figure 9).

Hanessian’s stain

Eluent: 50/50 EtOAc/n-hexane
A: reaction mixture (step2)

B: after extraction
C: after concentration at 40 °C

product 3

Figure 9. Decomposition observed after crude concentration at 40 °C

The crude product 3 was dissolved in 30 mL of dichloromethane. To this
was added 20 g of Florisil (0.15-0.25 mm size, Merck, cat. no. 1.12518),
and the solvent was removed under reduced pressure. The resulting
crude product supported on Florisil was transferred to the silica gel
column cartridge (180 mm x @55 mm, Figure 9, filled with 220 g silica gel
from Merck, cat. no. 1.09385; particle size 230-400 mesh) and subjected to
gradient column chromatography wusing Reveleris X2 flash
chromatography (eluent: 5% EtOAc/ petroleum ether (PE) for 6 min, then
gradient from 5% to 60% EtOAc/PE for 15 min, and 60% EtOAc/PE for
24 min, flow 50 mL /min).
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Figure 10. An einpty flash chromatograpily carfridge used for
purification of product 3

30. The purity of product 3 was determined by "H NMR spectra recorded in

31.

CDCl; with 1,3,5-trimethoxybenzene ([CAS 621-23-8], Sigma-Aldrich,
cat. no. 138827, 99%) as an internal standard [by checking authors]. The
yield of product 3 is the overall isolated yield over 3 steps: dehydration
of cinnamyl carbamate to cyanate, [3,3]-sigmatropic rearrangement of
allyl cyanate to allyl isocyanate, and nucleophilic addition to the
isocyanate group.

The submitting authors reported that, after column chromatography, the
purity of product 3 was 95.1%, which is sufficient for the majority of
further applications. If a higher purity is required, the product can be
dissolved in hot methyl tert-butyl ether (MTBE, 99%, [CAS 1634-04-4]
purchased from Thermo Scientific Chemicals (no. cat. L14030-AU) and
used as received) (1 mL/g), followed by addition of hexanes (0.5 mL/g),
and left for a slow crystallization at room temperature. The most
reproducible results (in terms of yield) were obtained when the
crystallization was performed in a thermostatically controlled chamber
at 23 °C; standard technique at ambient temperature is also suitable;
however, the yield can be up to 6-10% lower (with unchanged purity)
depending on the temperature in a laboratory. The collected crystalline
product was washed with a small amount of cold MTBE and dried under
high vacuum (5 x 102 mbar) for 5-6 h (to constant mass of the product)
(Figure 11).
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Figure 11. Isolated product 3

The submitting authors reported the yields and product purity of five
independent experiments, which are summarized in the table below.
When the purity of the product after column chromatography exceeded
98%, the additional crystallization step was omitted.

Run After column chromatography After additional crystallization

Product mass Putity Yield Product mass Putity Yield
1 244¢ 95% 79.7% 22¢ 98.9% 75%
2 232g 96% 76.6% 218g 99% 74%

3 220g 97% 75.5% 217g 98.9% 73

4 234g 98% 76% - - -
5 238g 94% 77% 211g 9% 72%
Average 233 96% 77% 217 98.95% 73.5%

B g g

32. Spectral data for acetamide 3: '"H NMR (400 MHz, CDCl;) ¢ 7.37 - 7.24
(m, 5H), 6.18 (d, ] = 7.8 Hz, 1H), 6.00 (ddd, ] = 17.1, 10.4, 5.3 Hz, 1H), 5.62
(m, 1H), 5.28 - 5.10 (m, 2H), 2.01 (s, 3H) ppm; "C NMR (101 MHz, CDCl,)
6 169.4,140.6,137.3,128.8,127.8, 127 .4, 115.9, 55.3, 23.3 ppm; HRMS (ESI)
m/z calcd for C;;HiuNO [M+H]* 176.1070; found 176.1077; FTIR (film) »
3241, 3106, 3057, 2358, 2331, 1648, 1633, 1545, 1489, 1370, 1142, 992, 927,
842,766, 699 cm’'; Elemental anal. calcd for C;1HisNO: %C 75.40; %H 7.48;
%N 7.99; found %C 75.24; %H 7.44; %N 8.06; M.p. 62-64 °C.

Working with Hazardous Chemicals

The procedures in Organic Syntheses are intended for use only by persons
with proper training in experimental organic chemistry. All hazardous
materials should be handled using the standard procedures for work with
chemicals described in references such as "Prudent Practices in the
Laboratory" (The National Academies Press, Washington, D.C., 2011; the full
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text can be accessed free of charge at
http: / /www.nap.edu/catalog.php?record id=12654). All chemical waste
should be disposed of in accordance with local regulations. For general
guidelines for the management of chemical waste, see Chapter 8 of Prudent
Practices.

In some articles in Organic Syntheses, chemical-specific hazards are
highlighted in red “Caution Notes” within a procedure. It is important to
recognize that the absence of a caution note does not imply that no significant
hazards are associated with the chemicals involved in that procedure. Prior
to performing a reaction, a thorough risk assessment should be carried out
that includes a review of the potential hazards associated with each chemical
and experimental operation on the scale that is planned for the procedure.
Guidelines for carrying out a risk assessment and for analyzing the hazards
associated with chemicals can be found in Chapter 4 of Prudent Practices.

The procedures described in Organic Syntheses are provided as published
and are conducted at one's own risk. Organic Syntheses, Inc., its Editors, and
its Board of Directors do not warrant or guarantee the safety of individuals
using these procedures and hereby disclaim any liability for any injuries or
damages claimed to have resulted from or related in any way to the
procedures herein.

Discussion

Allylamines are versatile building blocks used in the synthesis of various
naturally occurring products and pharmaceuticals. Traditionally, they are
prepared by the nucleophilic addition of alkenylmetals to imines® (Scheme 1,
path A) with all inconveniences connected with both strategies. On the other
hand, the contemporary protocols, such as the reductive couplingor
alkylative coupling’ of alkynes with imines (Scheme 1, path B), which often
allow avoiding the use of sensitive alkenylmetals, still require N-EWG
groups to enhance imines’ electrophilicity. Despite the progress, the coupling
of abundantly available alkenes, via hydroalkenylation of imines, remains
scarce.® So far, it is limited to the introduction of styrene-like moieties.”
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path A path C

H path D
N>

Lo

Scheme 1. Typical strategies for preparation of allylamines

Another typical strategy for the preparation of allylamines is transition-
metal-catalyzed allylic amination or amidation reactions of allyl alcohols and
their derivatives (Scheme 1, path C).® Although this strategy displays a broad
scope of starting materials, as well as N-nucleophiles, it requires mostly the
use of palladium or iridium complexes to achieve good yields and high
regioselectivity.

An attractive alternative to already mentioned strategies is the
preparation of allylamines through [2,3]- or [3,3]-sigmatropic rearrangement
reactions of allyl alcohol derivatives (Scheme 1, path D). A typical
representative of such methods for the preparation of allylamine derivatives
is the Overman [3,3]-sigmatropic rearrangement of allyl alcohol-derived (1)
allyl trihaloacetimidates (3) to the corresponding N-allyl trihaloacetamides
(2) (Scheme 2).'° The Overman reaction is an allowed pericyclic reaction;
however, it usually requires a high temperature (100-150 °C) to proceed.
Moreover, the presence of a base (e.g., K;COs) " is often recommended to
improve the yields due to limited stability of imidates, which can be
problematic in the case of base-sensitive substrates or products. An
employment of catalytic conditions, in the presence of metal complexes (e.g.
Pd, 2 Hg,*® Au®) allows to use less harsh conditions but still requires elevated
temperatures (60-90 °C). Noteworthy, allyl trihaloacetimidates display
limited stability and high acid sensitivity, which are significant
disadvantages of their use and storage (preferably in a refrigerator in case of
long-time storing).
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Rﬂsz ——  _A~, RuHakylayl
R R 3.
. 2 R3: CCl3, CF4
3
CCIschor CF3CtI\; j\ A (usually > 100 °C) or
ase (cat. HNZ Y0 13,316 | Hg(ll), or Pd(ll), or Au(l) etc.
R1vR

3
Scheme 2. The Overman rearrangement of allyl trihaloacetimidates

In 1991, Ichikawa and co-workers' ' presented an alternative synthetic
method for a conversion of allyl alcohols (1) to the allylamine derivatives 4
based on the [3,3]-sigmatropic rearrangement of allyl cyanates (6) to
isocyanates (7), also called the Ichikawa rearrangement (Scheme 3). The
advantageous feature of the transformation of allyl cyanates to isocyanates is
its spontaneous course and irreversibility. In the result, this rearrangement
does not require high temperatures or a transition metal catalyst as for the
mentioned Overmann rearrangement. The starting allyl cyanates (6) are
highly reactive species; thus, commonly they are generated in situ. The first
historical method relied on direct reaction of alkoxides with BrCN, however,
such a process has very low efficiency. ™ Nowadays, they are prepared
mostly by dehydration of allyl carbamates (5), which are stable, usually
crystalline, and easy-to-handle and store chemicals. Typically, they are
synthesized by a treatment of allylic alcohols (1) with trichloroacetyl
isocyanate,'® chlorosulphonyl isocyanate'” or rarely trimetylsilyl isocyanate'®
(followed by hydrolysis of the intermediate product) (Kocovsky’s protocol™),
as well as the disclosed here transcarbamolylation reaction. *
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- Ichikawa PN
H rearrangement HN™ ~0
1R/\)\R2 _— - — R2
1 4
TCA-NCO then hydrolysis . -
or PhOCONHS,, Sn cat. nucleophile addition

o R': alkyl, aryl, SiR3, B(OR),
Nao .0 R2: H, alkyl, aryl
N .C”
e N ,
X

0o dehydrati o} 13.3] N Nu: H, OR, SR NH,, NHR,
ehydration ko NRy, alkyl, aryl, C,F,
1RV\R2 WR/\)\RZ 1R)\/\Rz 2 81 8L Enfm
5 CBry, PPhs, EtsN 6 7
or
Tf,0 or TFAA, EtzN cyanate-to-isocyanate rearrangement

Scheme 3. The Ichikawa rearrangement (TCA = trichloracetyl, TFAA =
trifluoroacetic anhydride)

In most cases both methods, addition to isocyanate/hydrolysis or
transcarbamoylation, are complementary and can essentially be used
interchangeably. However, sometimes it is not true, and the isocyanate-based
protocol fails. A good example is a preparation of carbamate 10 from alcohol
8 by Ichikawa and co-workers (Scheme 4).* Their several attempts to
accomplish this transformation using Kocovsky’s protocol were unsuccessful
due to peculiar nature of 3,3’-disubstituted secondary allyl alcohols and their
derivatives (e.g., 9), which in some cases are strongly susceptible to solvolysis
reactions.” On the other hand, a preparation of 10 through Sn-catalyzed
transcarbamoylation of alcohol 8 with phenyl carbamate resulted in an
acceptable 72% yield. We observed the same tendency in case of preparation
of structurally related cyclic allyl carbamates (bearing substituents other than
Me attached to C-3 positions).”? Another unusual example is a synthesis of
carbamate 12 starting from alcohol 11.% Under Kocovsky’s conditions only
traces of product 12 were noticed, along with a complex mixture of
unidentified side products. Under transcarbamoylation conditions, using
20 mol% of the tin complex, the yield was improved to 50%. It is worth
stressing one more uniqueness of carbamate 12 here. Unlike compound 10,
the synthesis of its isomers, differing in the position of the MeO group at the
phenyl ring, by standard treatment of the corresponding alcohols with
trichloroacetyl isocyanate proceeded without any problems, and the
expected products were isolated in 70-86% yield. So, the observed anomaly
concerned only compound 11.%
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o H

|
\©/OH CI30J\NCO \G/OWNWC(% hydrolysis \G/OWNHZ
s T,
CHCl, o o© 0

decompsition

phenyl carbamate (1.5 eq)

\@/OH dibutyltin maleate (30 mol%) \G/OT NH,
i
PhMe, 90 °C, o
8 110 min 72% (10)

MeO fo) phenyl carbamate (1.5 eq) MeO o
m\ dibutyitin maleate (20 mol%) \CE/\;\
Z~_OH > ~_O._NH
PhMe, 90 °C, D
o

120 mi
1 min 50% (12)

Scheme 4. The examples of problematic synthesis of allyl carbamates

As outlined in Scheme 3, the transformation of allyl carbamate 9 to
allylamine derivative 12 involves three subsequent steps: dehydration of
carbamate 9 to cyanate 10, sigmatropic rearrangement of allyl cyanate 10 to
allyl isocyanate 11, and nucleophilic addition to the latter one to furnish
product 12. All steps are commonly realized in a one-pot manner without
isolation of the isocyanate intermediate. The dehydration reaction is rapid,
similarly to subsequent spontaneous rearrangement, and usually both steps
take 20-60 min. Contrary to the Overmann reaction, these two steps proceed
under very mild conditions (-15 to 0 °C) and without assistance of a metal
catalyst. Moreover, the rate of dehydration/rearrangement is high enough
even at lower temperatures; for example, both steps process smoothly even
at—78 °C. It is an important feature, especially in case of sensitive substrates,
like in case of a rearrangement of cyclopropenylcarbinyl cyanates
investigated by the Cossy group.*

Two commonly used protocols for the dehydration of allyl carbamate to
cyanate were proposed by Ichikawa.'* ' In the first one, the starting
carbamate is treated with Tf,O in the presence of an amine (e.g., Et:N or
DIPEA). In the second protocol, the combination of CBr,/PPhs in the presence
of an amine (e.g., EtsN or DIPEA) is employed. '* ¢ Although both methods
are very efficient, they also have some disadvantages. A use of relatively
expensive and highly reactive Tf,O is a serious limitation of the first method,
whereas low atom economy and the necessity to manage large amounts of
waste (like phosphine oxide, CHBr;) are key drawbacks of the latter one.
Therefore, the disclosed here conditions in which allyl carbamate is initially
dehydrated by treatment with trifluoroacetic anhydride in the presence of
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base (e.g., EtsN) seem to be the most attractive, bearing in mind the cost of
the reagents and simplicity of an extractive removal of side products
(trifluoroacetic acid salts mostly).

It must be emphasized that a significant advantage of allyl cyanate-to-
isocyanate rearrangement over the related transformations relies not only on
availability, stability of starting materials, and mild reaction conditions but
also on the formation of the isocyanate product. For example, contrary to the
Overmann reaction, which allows for the transformation of
trihaloacetimidates to N-allyl trihaloacetamides only, Ichikawa’s
transformation enables the preparation of a variety of N-functionalized
allylamine derivatives just by reacting the isocyanate intermediate with
various nucleophilic reagents (Scheme 3).

Trapping with O- and S-nucleophiles. As we demonstrated herein, the
generated isocyanate can be trapped with alkoxides to furnish the
corresponding N-allyl carbamates. For example, a use of tert-butanol, benzyl
alcohol, 2,2,2-trichloroethanol, or allyl alcohol allows for a direct and rapid
preparation of N-Boc,'®*® N-Cbz,'* N-Troc®* and N-Alloc* protected
allylamines, respectively. An installation of Fmoc group is also possible;*”
however, it requires extractive isolation of isocyanate intermediate 7 product
prior to an addition of 9-fluorenemethanol. Otherwise, the triethylamine
present in the reaction mixture will subsequently remove the N-Fmoc
protecting group. Typically, alkoxides are used as O-nucleophiles, which are
prepared in situ by the treatment of the corresponding alcohol with a base
such as lithium hexamethyldisilazide or n-BuLi. However, since such
alkoxides are also strong bases, they have to be used with high care especially
for base-sensitive compounds bearing base-sensitive functional groups, or
epimerization-prone stereogenic centers. Presented in Scheme 5 synthesis of
N-Boc-protected allylamine 15 is an excellent example to explain required
caution.

As already discussed, treatment of allyl carbamate 13 with TFAA /EtN
provides the corresponding allyl isocyanate 14 through a
dehydration/rearrangement reaction sequence. Unfortunately, its treatment
with -BuOLi in THF at 30 °C does not furnish the expected allylamine 13
but the isomeric product 16 with a double bond shifted toward the phenyl
ring as presented in Scheme 5. The same course is observed when t-BuOLi is
added to crude isocyanate or when isocyanate solution is added slowly to ¢
BuOLi. Further decrease of the reaction temperature (to =50 °C or even to -78
°C) does not change the reaction course, and again compound 16 is the
dominant one along with traces of the desired product 15. The most plausible
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explanation for this phenomenon is presented in Scheme 5. Due to the high
acidity of hydrogen atom C-1, compound 15 is deprotonated in the presence
of an excess of +-BuOLi to provide allylic anion 17 and tert-butanol. The latter
one is in an equilibrium with the anion 18, which is a strong base capable of
deprotonating the previously formed tert-butanol, regenerating the
nucleophile, and affording the undesired isomeric product 16 (Scheme 5).

“ i TFAA, Et;N NCO £BUOLi NHBoc NHBoc
P N - _— - -
Ph 0" NH2  1Hp, 150c | Ph THF, s0°c P T S
13 14 15 (traces) 16 (yield 62%)
DBTM (5 mol%)
+BuOH

THF, r.t.
82% yield of 15 (overall 3 steps)

(€]
t-BuO) @ (‘H\ “Bac
U NHBoc NHBoc NHBoc H,Ot—Bu H N
— | _© P — © CcH
Phj\/ BuoH Ph){/ Ph)\/ @\/§/ 3
H

15 17 18 H 1)
acidic H atom stronger base structure 16

confirmed by
NOE experiments

Scheme 5. Base-mediated side isomerization of allylamine derivatives
during the Ichikawa rearrangement

Therefore, to avoid any kind of base-mediated isomerization, it is more
convenient to treat intermediate isocyanate with a less nucleophilic alcohol
in the presence of a Bronsted or Lewis acid, such as MeOSn(n-Bu)s*
dibutyltin dilaurate or maleate, * Ti(Ot-Bu),* TMSCL* MoO.CL,* or
nucleophilic catalysts like DBU.*

It is worth noting that the possibility of subsequent isomerization in the
presence of alkoxylates is highly dependent on the electronic structure of the
forming N-protected allylamine. For example, although the aforementioned
isomerization was observed in the case of allylamine 3, such a process did not
occur in the case of analogues, the synthesis of non-racemic allylamines like
compound 23 from optically active carbamates 22 (Scheme 6). The structures
of the obtained products were confirmed using NMR spectra,* while
simultaneously demonstrating the absence of racemization of the obtained
allylamines through HPLC analysis using chiral columns.

The same, expected outcome was observed in the case of the
rearrangement of other non-racemic allyl carbamates, like compounds 19, 21,
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23 and 25 (Scheme 6).” In all cases, the dehydration/rearrangement/addition
sequence proceeded without racemization and a double bond isomerization
in the product. The double bond migration was not observed in cyclic
systems such as compounds 27/28,* or for allyl carbamate 29 which was
transformed into 30 in excellent yield.”

o)
y Nko TFAA, Et;N B
N THF, -15 °C : /°°
PN
PR then t-BuOLi Ph
19 at-60 °C 83% (20)
e.e. 98% (HPLC) e.e. 98% (HPLC)
oTBS TFAA, Et;N OTBS
A~ THF, -15 °C AN
—_—
H,N Yo then t-BuOLi NHBoc
0 76% (22)
21 single diastereoisomer
0oTBS TFAA, Et;N OTBS
MY THF, -15°C /\‘/\/
—_—
H,N YO then t-BuOLi NHBoc
Io) 84% (24)
23 single diastereoisomer
TFAA, Et;N
/\/\/
Ar : THF, -15°C AN
~ —_— =
H2NW/O then t-BuOLi NHBoc
25° 70-96% (26)

without racemization

o TFAA, Et;N
)iy /@ THF, 15 °C NHBoc
—_—
H,NT 0

then t-BuOLi
27 75% (28)
Ls TFAA, Et;N T
~X S N
N THF, 15 °C TN
= —_—
then t-BuOLi X
H2N TO NHBoc
29 © 90% (30)

Scheme 6. Examples of Ichikawa rearrangement of allyl carbamates
followed by trapping of isocyanate with alkoxides

Generally, the generated allyl isocyanate can be treated also with water,
as a nucleophile, to provide free allylamine. However, from a practical point
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of view, such an approach has low efficiency and is used rarely due to the
low rate of the addition. Consequently, the generated free allylamine rapidly
attacks unreacted isocyanate to provide undesired bis-N,N-allylated urea.
More efficient strategies rely on the addition of water to isocyanate in the
presence of acid or a large excess of hydroxide anion. However, if strong
acidic or basic conditions have to be avoided, free allylamine can be prepared
by an indirect method by trapping of the isocyanate with TMSOL], to provide
a Si-containing Boc group analogue and its subsequent desilylation mediated
by F-anions leading to free amine, e.g., compound 31 (Scheme 7).2% 3

1) TFAA, Et;N

0 /\)\ THF, -15 °C, 30 min = NH;
A~ —
H,N” 0 Ph /©

2) TMSOLI, -15 °C for 3 h

then TBAF for 2 h
85% (31)

Scheme 7. Synthesis allylamine 31

Additionally, upon treatment with aliphatic or aromatic thiols (or their
salts) allyl isocyanates deliver the corresponding tiocarbamates (e.g. 32,
Scheme 8).2%

o)
o TEAA ELN HNJKSBH
)k Jﬁ/\ THF, -15 °C, 30 min )ﬁ/\

AP, 15 7%, 39 min
Ph NF
HN™ "0" 7 "Ph then BnSH I

Br
84% (32)
Scheme 8. Synthesis of S-Bn carbathiomate 32

Trapping with C-nucleophiles. The treatment of in situ generated allyl
isocyanate with Grignard or organolithium reagents allows for a direct
synthesis of N-allyl amides. Since organomagnesium and organolithium
reagents are also strong bases, they can be replaced by less aggressive
reagents such as organozinc ones.”® Acetamides can be readily prepared by
the use of organoaluminium reagents, e.g. Me;Al. ¥ Addition of lithium
carbenoids to isocyanates enables efficient synthesis of synthetically useful
N-substituted 2-haloacetamides.*

Trapping with H-nucleophiles. The treatment of allyl isocyanates with
hydride-type nucleophiles, such as NaBH,**' LiBH,,** LiBHEt;,* enables
hydride transfer to the isocyanate moiety, providing the corresponding N-
allyl formamide derivatives. Pace and co-workers* demonstrated that
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Schwartz’s reagent can also serve as a suitable hydride donor for such
addition. When a stronger reagent, such as LiAIH*** is applied, the
isocyanate functionality is reduced to methylamine one, as it was
demonstrated by Chen and Lu®® in their total synthesis of ketamine and
norketamine.

Trapping with N-nucleophiles. An addition of primary or secondary
amines to the allyl isocyanate delivers N-allyl substituted ureas (Scheme 9).
2232837046 The addition proceeds smoothly even in the case of more hindered
a-secondary (e.g., i-PrNH,) and a-tertiary amines (e.g., t-BuNH.). The
addition of anilines is much slower due to their lower nucleophilicity in
comparison to aliphatic amines. Additionally, pyrrole-type aromatic
heterocycles can be used as a N-nucleophile to afford N-carbamoylated
heterocycles.”” In the presence of ammonia, the urea derivative 33 is formed
(Scheme 10). Hydroxylamine and its O-functionalized derivatives give type
34 urea derivatives (Scheme 9). Similarly, an interception of allyl isocyanate
with hydrazine leads to product 35 (Scheme 9). In the case of mono-
substituted hydrazines, the regioselectivity of addition depends on the
electronic nature of the substituents. The presence of N-aryl* and N-EWG*
groups at one of the hydrazines’ nitrogen atoms makes the terminal NH,
group more reactive, whereas electron-donating ones increase the
nucleophilicity of the internal nitrogen atom (Scheme 10).

TFAA, EtsN \ H‘N@

(0] = ° .
: THF, -15 °C, 30 min -,
M A/L —_— A, 0
O Ph then
N-nucleophile

NHBn, 85%
NBny, 83%

: pyrrolidine, 82%
morpholine, 90%
:NH,, 87% (33)

: NHOH, 69% (34)
: NHNH,, 68% (35)

HoN

zzzzz2232

Scheme 9. Synthesis of urea derivatives via Ichikawa's rearrangement

? Q@

HQ N NCO N, HoH
/\('\“TN‘NHz H™ NH, HN"H /\rNTN\N/O
Q@ alkyl R @ aryl, EWG !
R O \ R O H

Scheme 10. Regioselectivity of hydrazine addition to allyl isocyanates

The rearrangement of allyl cyanates is very efficient for the synthesis of
sterically congested allylamine derivatives, whose preparation by other
methods is challenging or even impossible. In such cases,
dehydration/rearrangement of allyl carbamates bearing highly substituted
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double bond functionality proceeds slower, resulting in the formation of
hindered isocyanates displaying a lower reactivity, particularly with weak or
non-charged nucleophiles. A typical example of such transformation is
Ichikawa’s synthesis of carbamate 37 from geraniol-derived carbamate 36
presented in Scheme 11.°

1) CBry, PPhg, EtyN
CH,Cl,, -15 °C

2) work-up Q/
. BocHN
3) t-BuOLi, t-BuOH

36 THF, -15°C 37
69% (3 steps)

Scheme 11. Ichikawa’s synthesis of geraniol-derived allylamine 37

Thanks to the concerted mechanism of the cyanate-to-isocyanate
rearrangement, proceeding through a 6-membered cyclic transition state,
transformation of enantiomerically enriched allyl carbamates is stereospecific
and provides non-racemic allylamine derivatives with a complete 1,3-
transfer of stereochemistry.’*"**** The origin of that is the lower energy
transition state 38, which leads to the isocyanate with a E-double bond
(Scheme 12). By contrast, the Z-isomer is not observed, undoubtedly due to
the A strain incurred in the alternative transition state 39. Consequently,
thanks to stereospecificity of the rearrangement, a preparation of single
enantiomers of allylamine is possible starting from the corresponding
carbamates if the suitable method for the preparation of enantiomerically
pure allyl carbamates is available (Scheme 13).

— — 1
‘R\Z“\/Rz ®
A

TGy 3R NCO

= R?

—_—

dehydration

38

[

L\/lN
c¥
39 °

_—

major product

2
~ _R
R' 3R NCO

not observed

Scheme 12. Stereospecifity of the cyanate-to-isocyanate rearrangement
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TFAA, EtsN \ H
j\ A)\ THF, -15 °C, 30 min —;<N—B°C
HN™ 07 ph then Ph
t-BuOLi at-15°C
99% e.e. (S)-enantiomer (99% e.e.)
TFAA, EtsN H
i J\/L THF, -15 °C, 30 min \:>i\,_30c
HNT Y07 N ph then ~Ph
t-BuOLi at 15 °C
84% e.e. (R)-enantiomer (84% e.e.)
Scheme 13. Stereogenic center-controlled synthesis of enantiomeric
allylamines

However, what if only one enantiomer of allyl alcohol is available? Such
a problem is typical in syntheses based on natural chiral compounds (D-
carbohydrates, L-amino acids, hydroxy acids, terpenes, and alkaloids) (chiral
pool approach). Again, the solution is hidden in the concerted mechanism of
sigmatropic rearrangement. Therefore, the rearrangement of two allyl
carbamates, e.g., 40 and 41 (both prepared from L-lactic acid), having the
same absolute configuration of the stereogenic center but different geometry
of a double bond, delivers enantiomeric products 42 and ent-42 as illustrated
in Scheme 14.%**! As already mentioned and emphasized, their enantiomeric
enrichment is related to the enantiomeric purity and the double bond
geometric purity (E/Z ratio) in the starting allyl carbamate.

TFAA, EtN MocHN Tol
THF, 0 °C, 30 min ~,
then ~ Ph
MeOSnBu3, MeOH 42
(Z)I(E) 15:1, 97% e.e. rt 78%, 94% e.e.
(prepared from L-lactic acid)
TFAA, EtN MocHN. Tol
THF, 0 °C, 30 min N =
then Ph
MeOSnBu;, MeOH ent-42
rt 72%, 93% e.e.

(Z)(E) 12:1,97% e.e.
(prepared from L-lactic acid)

Scheme 14. Double bond geometry-controlled synthesis of enantiomeric
allylamines
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The transformations presented in Schemes 13 and 14 draw attention to a
significant and challenging issue related to the discussed sigmatropic
rearrangement process. Namely, in the case of the synthesis of starting non-
racemic allyl carbamates, precise control of both the enantiomeric purity of
the stereogenic center and the geometry of the double bond. Otherwise,
minor contamination of optically active carbamate with the second
enantiomer, or a small amount of the second geometric isomer, will result in
a significant decrease of the enantiomeric purity of the resulting allylamine
derivative (Scheme 14).

In summary, easy access to allyl cyanates via the dehydration of allyl
carbamates, combined with the stereoselective characteristics of the
sigmatropic rearrangement, demonstrates that the allyl cyanate-to-
isocyanate rearrangement is an effective approach for the enantioselective
production of allylamine derivatives. Consequently, a number of
synthetic organic chemists have utilized this process for the synthesis of
nitrogen-containing compounds, including naturally occurring compounds
as well as bioactive molecules and drugs. ' 1517232426, 28b, 35,45

References

1. Institute of Organic Chemistry, Polish Academy of Sciences, Marcina
Kasprzaka Street 44/52, 01-224 Warsaw, Poland; e-mail:
sebastian.stecko@icho.edu.pl; ORCID: 0000-0002-2860-5891. The authors
acknowledge financial support by the National Science Centre of Poland
(research grant OPUS 2021/43/B/ST4/01915).

2. Experimental verification (“checking”) was performed by Dong-Hang
Tan and Yu-Ting Chen under the supervision of Organic Syntheses Editor
Darren J. Dixon and with financial support from Organic Syntheses, Inc.
Contact information for the editor: Department of Chemistry, Chemistry
Research Laboratory, University of Oxford, 12 Mansfield Road, Oxford
OX1 3TA, UK,; ORCID ID: 0000-0003-2456-5236;  Email:
darren.dixon@chem.ox.ac.uk.

3. (a) Volkmann, R. A. Nucleophilic addition to imines and imine
derivatives. In Comprehensive Organic Synthesis, Vol. 1; Pergamon Press,
1991; pp 355-458. (b) Chen Diao, X. M.-H. Transition Metal-Catalyzed
Asymmetric Addition of Organoboron Reagents to Imines. Chin. J. Org.
Chem. 2017, 37, 1589-1612, DOI: 10.6023/cjoc201704017. (c) Skucas, E.;

Org. Synth. 2026, 103, 301-333 324 DOI: 10.15227 / orgsyn.103.0301



o)

rganic
—
S yntheses

Ngai, M.-Y.; Komanduri, V.; Krische, M. J. Enantiomerically Enriched
Allylic Alcohols and Allylic Amines via C-C Bond-Forming
Hydrogenation: Asymmetric Carbonyl and Imine Vinylation. Acc. Chem.
Res. 2007, 40, 1394-1401, DOI: 10.1021/ar7001123.

(a) Zhou, C.-Y.; Zhu, S.-F.; Wang, L.-X.; Zhou, Q.-L. Enantioselective
Nickel-Catalyzed Reductive Coupling of Alkynes and Imines. ]. Am.
Chem. Soc. 2010, 132, 10955-10957, DOI: 10.1021/ja104505t. (b) Ngai, M.-
Y.; Barchuk, A.; Krische, M. J. Enantioselective Iridium-Catalyzed Imine
Vinylation: Optically Enriched Allylic Amines via Alkyne-Imine
Reductive Coupling Mediated by Hydrogen. . Am. Chem. Soc. 2007, 129,
12644-12645, DOL: 10.1021/ja075438e. (c) Skucas, E.; Kong, J. R.; Krische,
M. J. Enantioselective Reductive Coupling of Acetylene to N-
Arylsulfonyl Imines via Rhodium Catalyzed C-C Bond-Forming
Hydrogenation: (Z)-Dienyl Allylic Amines. J. Am. Chem. Soc. 2007, 129,
7242-7243, DOI:10.1021/ja0715896. (d) Kong, J.-R.; Cho, C.-W.; Krische,
M. J. Hydrogen-Mediated Reductive Coupling of Conjugated Alkynes
with Ethyl (N-Sulfinyl)iminoacetates: Synthesis of Unnatural a-Amino
Acids via Rhodium-Catalyzed C-C Bond Forming Hydrogenation. J. Am.
Chem. Soc. 2005, 127, 11269-11276, DOI: 10.1021/ja051104i.

(a) Patel, S. J; Jamison, T. F. Asymmetric Catalytic Coupling of
Organoboranes, Alkynes, and Imines with a Removable
(Trialkylsilyloxy)ethyl Group—Direct Access to Enantiomerically Pure
Primary Allylic Amines. Angew. Chem. Int. Ed. 2004, 43, 3941-3944, DOI:
10.1002/ anie.200460044. (b) Patel, S. J.; Jamison, T. F. Catalytic Three-
Component Coupling of Alkynes, Imines, and Organoboron Reagents.
Angew. Chem. Int. Ed. 2003, 42, 1364-1367, DOI: 10.1002 / anie.200390349;
Xie, Y.; Hu, J; Wang, Y,; Xia, C; Huang, H. Palladium-Catalyzed
Vinylation of Aminals with Simple Alkenes: A New Strategy to Construct
Allylamines. J. Am. Chem. Soc. 2012, 134, 20613-20616, DOI
10.1021/ja310848x.

Xiao, L.-].; Zhao, C.-Y.; Cheng, L.; Feng, B.-Y.; Feng, W.-M.; Xie, ].-H.; Xu,
X.-F.; Zhou, Q.-L. Nickel(0)-Catalyzed Hydroalkenylation of Imines with
Styrene and Its Derivatives. Angew. Chem. Int. Ed. 2018, 57, 3396-3400,
DOI: 10.1002 / anie.201713333.

(a) Biya, E.; Neetha, M.; Anilkumar, G. An Overview of Iridium-
Catalyzed Allylic Amination Reactions. ChemistrySelect 2021, 6, 10127-
10140, DOI: 10.1002/s1ct.202102370. (b) Pamies, O.; Margalef, J.; Cafiellas,
S.; James, J.; Judge, E.; Guiry, P. J.; Moberg, C.; Backvall, J.-E.; Pfaltz, A.;
Pericas, M. A.; et al. Recent Advances in Enantioselective Pd-Catalyzed

Org. Synth. 2026, 103, 301-333 DOI: 10.15227 / orgsyn.103.0301
8- oY 325 gsy



o)

10.

11.

12.

13.

14.

rganic
—
S yntheses

Allylic Substitution: From Design to Applications. Chem. Rev. 2021, 121,
4373-4505, DOI: 10.1021/acs.chemrev.0c00736. (c) Grange, R. L.; Clizbe,
E. A,; Evans, P. A. Recent Developments in Asymmetric Allylic
Amination Reactions. Synthesis 2016, 48, 2911-2968, DOI: 10.1055 /s-0035-
1562090.

(a) Overman, L. E. A general method for the synthesis of amines by the
rearrangement of allylic trichloroacetimidates. 1,3 Transposition of
alcohol and amine functions. . Am. Chem. Soc. 1976, 98, 2901-2910, DOI:
10.1021/ja00426a038. (b) Overman, L. E. Thermal and mercuric ion
catalyzed [3,3]-sigmatropic rearrangement of allylic
trichloroacetimidates. 1,3 Transposition of alcohol and amine functions.
J. Am. Chem. Soc. 1974, 96, 597-599, DOI: 10.1021/ja00809a054. (c)
Overman, L. E. Allylic and propargylic imidic esters in organic synthesis.
Acc. Chem. Res. 1980, 13, 218-224, DOI: 10.1021/ar50151a005.

(a) Fernandes, R. A.; Kattanguru, P.; Gholap, S. P.; Chaudhari, D. A.
Recent advances in the Overman rearrangement: synthesis of natural
products and valuable compounds. Org. Biomol. Chem. 2017, 15, 2672-
2710, DOI: 10.1039 / C60B02625G. (b) Majumdar, K. C.; Bhattacharyya, T.;
Chattopadhyay, B.; Sinha, B. Recent Advances in the Aza-Claisen
Rearrangement. Synthesis 2009, 2117-2142, DOI: 10.1055/5-0029-1217389.
Nishikawa, T.; Asai, M.; Ohyabu, N.; Isobe, M. Improved Conditions for
Facile Overman Rearrangement. J. Org. Chem. 1998, 63, 188-192, DOI:
10.1021/j09713924.

(a) Anderson, C. E.; Overman, L. E. Catalytic Asymmetric Rearrangement
of Allylic Trichloroacetimidates. A Practical Method for Preparing Allylic
Amines and Congeners of High Enantiomeric Purity. J. Am. Chem. Soc.
2003, 125, 12412-12413, DOI: \10.1021/ja037086r. (b) Overman, L. E.;
Owen, C. E; Pavan, M. M.; Richards, C. ]. Catalytic Asymmetric
Rearrangement of Allylic N-Aryl Trifluoroacetimidates. A Useful
Method for Transforming Prochiral Allylic Alcohols to Chiral Allylic
Amines. Org. Lett. 2003, 5, 1809-1812, DOI: 10.1021/010271786.

(a) Xing, D.; Yang, D. Highly efficient gold(I)-catalyzed Overman
rearrangement in water. Beilstein |. Org. Chem. 2011, 7, 781-785, DOI:
10.3762 /bjoc.7.88. (b) Jaunzeme, L; Jirgensons, A. Novel Catalysts for the
Overman Rearrangement. Synlett 2005, 2984-2986, DOI: 10.1055/s-2005-
918952.

Ichikawa, Y. New Synthetic Method for Allylic Isocyanates Through [3,3]
Sigmatropic Rearrangement of Allylic Cyanates. Synlett 1991, 238-240,
DOI: 10.1055/5-1991-20691.

Org. Synth. 2026, 103, 301-333 DOI: 10.15227 / orgsyn.103.0301
8- oY 326 gsy



o)

15.

16.

17.

18.

19.

20.

21.

22.

23.

rganic
—
S yntheses

(a) Ichikawa, Y. Evolution, Development and Personal Experience in
Studies of the Allyl Cyanate-to-Isocyanate Rearrangement. Synlett 2007,
2927-2936, DOI: 10.1055/5-2007-992370. (b) Nocquet, P.-A.; Henrion, S.;
Macé, A.; Carboni, B. Villalgordo, J. M.; Carreaux, F. The Allyl
Cyanate/Isocyanate Rearrangement: An Efficient Tool for the
Stereocontrolled Formation of Allylic C-N Bonds. Eur. |. Org. Chem. 2017,
1295-1307, DOI: 10.1002/ €joc.201601316.

Ichikawa, Y.; Kariya, N.; Hasegawa, T. Allyl Cyanate-To-Isocyanate
Rearrangement: Preparation of tert-Butyl 3,7-dimethylocta-1,6-dien-3-
ylcarbamate. Org. Synth. 2013, 90, 271-286, DOL
10.15227 / orgsyn.090.0271.

Stecko, S. Total Synthesis of Lacosamide. J. Org. Chem. 2014, 79, 6342-
6346, DOI: 10.1021/jo500857t.

Manfredini, S.; Baraldi, P. G.; Bazzanini, R.; Guarneri, M.; Simoni, D;
Balzarini, J.; De Clercq, E. Geiparvarin Analogs. 4.1. Synthesis and
Cytostatic Activity of Geiparvarin Analogs Bearing a Carbamate Moiety
or a Furocoumarin Fragment on the Alkenyl Side Chain. ]. Med. Chem.
1994, 37, 2401-2405, DOI: 10.1021 /jm00041a019.

Kocovsky, P. Carbamates: A method of synthesis and some syntehtic
applications. Tetrahedron Lett. 1986, 27, 5521-5524, DOI: 10.1016 /S0040-
4039(00)85256-9.

(a) Ichikawa, Y.; Morishita, Y.; Kusaba, S.; Sakiyama, N.; Matsuda, Y.;
Nakano, K.; Kotsuki, H. An Efficient Synthesis of Carbamates by Tin-
Catalyzed Transcarbamoylation Reactions of Primary and Secondary
Alcohols. Synlett 2010, 2010, 1815-1818, DOI: 10.1055/5-0030-1258102. (b)
Ichikawa, Y.; Hasegawa, T.; Minami, T.; Sato, H.; Morishita, Y.; Ochi, R.;
Masuda, T. Further Development  of the Tin-Catalyzed
Transcarbamoylation Reaction. Synthesis 2020, 52, 2373-2378, DOI
10.1055/-0040-1708020.

Vernon, C. A. The kinetics and mechanisms of nucleophilic
displacements in allylic systems. Part V. Reactivities of allylic halides by
the Sy1 mechanism of hydrolysis. . Chem. Soc. (Res.) 1954, 423-428, DOI:
10.1039/JR9540000423.

Kierznowski, A. Synthesis of cycloalkenyl carbamates and their [3,3]-
sigmatropic rearangement by using Ichikawa's protocol. M.Sc. Thesis,
Institute of Organic Chemistry, Polish Academy of Sciences, Warsaw,
2018.

Chwastek, M.; Pieczykolan, M.; Stecko, S. The Synthesis of 5-Amino-
dihydrobenzo[bJoxepines and 5-Amino-dihydrobenzo[blazepines via

Org. Synth. 2026, 103, 301-333 327 DOI: 10.15227 / orgsyn.103.0301



o)

24.

25.

26.

27.

28.

29.

30.

31.

32.

rganic
—
S yntheses

Ichikawa Rearrangement and Ring-Closing Metathesis. J. Org. Chem.
2016, 81, 9046-9074, DOI: 10.1021/ acs.joc.6b01691.

Ernouf, G.; Brayer, J.-L.; Folléas, B.; Demoute, J.-P.; Meyer, C.; Cossy, J.
[3,3]-Sigmatropic Rearrangement of Cyclopropenylcarbinyl Cyanates:
Access to Alkylidene(aminocyclopropane) Derivatives. Chem. Eur. ].
2018, 24, 15104-15111, DOI: 10.1002 / chem.201803231.

Szcze$niak, P.; Pazdzierniok-Holewa, A.; Klimczak, U.; Stecko, S.
Synthesis of B- and y-Hydroxy a-Amino Acids via Enzymatic Kinetic
Resolution and Cyanate-to-Isocyanate Rearrangement. ]. Org. Chem.
2014, 79, 11700-11713, DOI: 10.1021/j0502026a;

Ichikawa, Y.; Tsuboi, K.; Isobe, M. Stereochemistry of an allyl cyanate-to-
isocyanate rearrangement. |. Chem. Soc., Perkin Trans. 1 1994, 2791-2796,
DOI: 10.1039/P19940002791.

Mirabella, S.; Petrucci, G.; Faggi, C.; Matassini, C.; Cardona, F.; Goti, A.
Allyl Cyanate/Isocyanate Rearrangement in Glycals: Stereoselective
Synthesis of 1-Amino and Diamino Sugar Derivatives. Org. Lett. 2020, 22,
9041-9046, DOL: 10.1021/ acs.orglett.0c03438.

(a) Narczyk, A.; Pieczykolan, M.; Stecko, S. The synthesis of non-racemic
p-alkyl-p-aryl-disubstituted allyl alcohols and their transformation into
allylamines and amino acids bearing a quaternary stereocenter. Org.
Biomol. Chem. 2018, 16, 3921-3946, DOI: 10.1039/C80B00731D. (b)
Szcze$niak, P.; Pieczykolan, M.; Stecko, S. The Synthesis of «,a-
Disubstituted a-Amino Acids via Ichikawa Rearrangement. ]. Org. Chem.
2016, 81, 1057-1074, DOI: 10.1021/ acs.joc.5b02628.

Rhoné, B.; Semetey, V. Base-Catalyzed Transcarbamoylation. Synlett
2017, 28, 2004-2007, DOI: 10.1055 / s-0036-1588866.

Spino, C.; Joly, M.-A.; Godbout, C.; Arbour, M. Ti-Catalyzed Reactions
of Hindered Isocyanates with Alcohols. J. Org. Chem. 2005, 70, 6118-6121,
DOI: 10.1021/jo050712d.

(a) Ichikawa, Y.; Okumura, K.; Matsuda, Y.; Hasegawa, T.; Nakamura,
M.; Fujimoto, A.; Masuda, T.; Nakano, K.; Kotsuki, H. Synthesis of
manzacidin A and C: efficient construction of quaternary carbon
stereocenters bearing nitrogen substituents. Org. Biomol. Chem. 2012, 10,
614-622, DOI: 10.1039/ C10B06559A. (b) Benalil, A.; Roby, P.; Carboni, B.;
Vaultier, M. A Convenient and General Synthesis of Alkylcarbamates
from Tertiary Isocyanates and Alcohols. Synthesis 1991, 787-788, DOL:
10.1055/5-1991-26575.

(a) Stock, C.; Briickner, R. Exceptionally Active Catalysts for the
Formation of Carbamates from Alcohols and Isocyanates:

Org. Synth. 2026, 103, 301-333 DOI: 10.15227 / orgsyn.103.0301
8- oY 328 gsy



o)

33.

34.
35.

36.

37.

38.

39.

40.

rganic
—
S yntheses

Molybdenum(VI) Dichloride Dioxide and Its DMF Complex. Synlett
2010, 2429-2434, DOI: 10.1055/ s-0030-1258552. (b) Stock, C.; Briickner, R.
Mild and High-Yielding Molybdenum(VI) Dichloride Dioxide-Catalyzed
Formation of Mono-, Di-, Tri-, and Tetracarbamates from Alcohols and
Aromatic or Aliphatic Isocyanates. Adv. Synth. Cat. 2012, 354, 2309-2330,
DOI: 10.1002 / adsc.201200303.

Chen, A.; Wang, D.; Samankumara, L. P.; Wang, G. Synthesis of Sterically
Congested Carbamates of Carbohydrates through Organic Base
Catalysis. Synthesis 2019, 51, 2897-2908, DOI: 10.1055/s-0037-1612425;
Stecko, S. unpublished results

Szczedniak, P.; Stecko, S. An approach to asymmetric synthesis of B-aryl
alanines by Pd(0)-catalyzed cross-coupling and cyanate-to-isocyanate
rearrangement. RSC  Advances 2015, 5, 30882-30888, DOI:
10.1039/C5RA02818C.

Li, M; Xing, P.; Jiang, B. A novel and efficient route to azabicycles via the
isocyanate-mediated twofold cyclization. Tetrahedron 2016, 72, 1455-1460,
DQI: 10.1016 /j.tet.2016.01.050.

(a) Grange, R. L.; Evans, P. A. Metal-Free Metathesis Reaction of C-Chiral
Allylic Sulfilimines with Aryl Isocyanates: Construction of Chiral
Nonracemic Allylic Isocyanates. J. Am. Chem. Soc. 2014, 136, 11870-11873,
doi: https://doi.org/10.1021/ja504631v. (b) Kobus-Bartoszewicz, D.;
Stecko, S. Synthesis of Chiral a-Amino Ketones via Transition Metal
Catalyzed or Photoredox Cross-Coupling and Olefin Photo-Cleavage
Reaction Sequence. Adv. Synth. Cat. 2023, 365, 1224-1237, DOIL
10.1002 / adsc.202300055.

Yang, H.; Huang, D.; Wang, K.-H.; Xu, C.; Niu, T.; Hu, Y. Reaction of
organozinc halides with aryl isocyanates. Tetrahedron 2013, 69, 2588-2593,
DQI: 10.1016 /j.tet.2013.01.053.

(a) Kapferer, P.; Sarabia, F.; Vasella, A. Carbasaccharides via Ring-
Closing Alkene Metathesis. A Synthesis of (+)-Valienamine from D-
Glucose. Helv. Chim. Acta 1999, 82, 645-656, DOI: 10.1002 /(SICI)1522-
2675(19990505)82:5<645:: AID-HLCA645>3.0.CO;2-K. (b) Ichikawa, Y
Tsuboi, K.; Isobe, M. Stereochemistry of an allyl cyanate-to-isocyanate
rearrangement. |. Chem. Soc., Perkin Trans. 1 1994, 2791-2796, DOI
10.1039/P19940002791.

Pace, V.; Castoldi, L.; Holzer, W. Addition of lithium carbenoids to
isocyanates: a direct access to synthetically useful N-substituted 2-
haloacetamides. Chem. Commun. 2013, 49, 8383-8385, DOI:
10.1039/C3CC44255A.

Org. Synth. 2026, 103, 301-333 329 DOI: 10.15227 / orgsyn.103.0301



o)

41.

42.

43.

44.

45.

46.

47.

rganic
—
S yntheses

Nishikawa, K.; Nakahara, H.; Shirokura, Y.; Nogata, Y.; Yoshimura, E,;
Umezawa, T.; Okino, T.; Matsuda, F. Total Synthesis of 10-Isocyano-4-
cadinene and Its Stereoisomers and Evaluations of Antifouling Activities.
J. Org. Chem. 2011, 76, 6558-6573, DOI: 10.1021/j02008109.
Deslongchamps, P.; Soucy, P. A convenient synthesis of triquinacene-2-
carboxylic acid and a new approach towards the synthesis of
dodecahedrane. Tetrahedron 1981, 37, 4385-4390, DOI: 10.1016/0040-
4020(81)80004-X.

(a) Ohkubo, T.; Akino, H.; Asaoka, M.; Takei, H. Total synthesis of (-)-
axamide-4 and (—)-axisonitrile-4. Tetrahedron Lett. 1995, 36, 3365-3368,
DOI: 10.1016/0040-4039(95)00542-K. (b) Ichikawa, Y., Morimoto, H,;
Masuda, T. Chirality Transfer from a Chiral Primary Alcohol Equivalent
Through Allyl Cyanate-to-Isocyanate Rearrangement: Synthesis of (+)-
Geranyllinaloisocyanide. Synthesis 2019, 51, 2959-2964, DOI: 10.1055/s-
0037-1612422.

Pace, V.; de la Vega-Herndndez, K.; Urban, E.; Langer, T. Chemoselective
Schwartz Reagent Mediated Reduction of Isocyanates to Formamides.
Org. Lett. 2016, 18, 2750-2753, DOI: 10.1021 / acs.orglett.6b01226.

(a) Chen, C.-Y.; Lu, X. Enantioselective Syntheses of (S)-Ketamine and
(S)-Norketamine. Org.  Lett. 2019, 21, 6575-6578, DOI
10.1021/acs.orglett.9b02575. (b) Yokoyama, R.; Matsumoto, S.; Nomura,
S.; Higaki, T.; Yokoyama, T.; Kiyooka, S.-I. Enantioselective construction
of nitrogen-substituted quaternary carbon centers adjacent to the
carbonyl group in the cyclohexane ring: first asymmetric synthesis of
anesthetic (S)-ketamine with high selectivity. Tetrahedron 2009, 65, 5181-
5191, DOL: 10.1016/.tet.2009.05.004. (c) Yokoyama, T.; Yokoyama, R.;
Nomura, S.; Matsumoto, S.; Fujiyama, R.; Kiyooka, S.-i. Synthesis of (S)-
Ketamine via [1,3]-Chirality Transfer of a Stereocenter Created by
Enantioselective Aldol Reaction. Bull. Chem. Soc. Jpn 2009, 82, 1528-1532,
DOI: 10.1246/bcs;j.82.1528. (d) Ravn, M. M,; Peters, R. J.; Coates, R. M.;
Croteau, R. Mechanism of Abietadiene Synthase Catalysis:
Stereochemistry and Stabilization of the Cryptic Pimarenyl Carbocation
Intermediates. |. Am. Chem. Soc. 2002, 124, 6998-7006, DOI:
10.1021/ja017734b.

Ramb, D. C.; Kost, L.; Haufe, G. [3,3]-Sigmatropic Rearrangements of
Fluorinated Allyl (Thio)cyanates — A Tool for the Synthesis of Fluorinated
(Thio)ureas. Chimia 2014, 68, 436, DOI: 10.2533 / chimia.2014.436.

(a) Alvarez, M., Ferndndez, D.; A. Joule, J. Synthesis of 1,2-
dihydropyrrolo[1,2-c]pyrimidin-1-ones. J. Chem. Soc., Perkin Trans. 11999,

Org. Synth. 2026, 103, 301-333 DOI: 10.15227/ orgsyn.103.0301
85y 330 gsy



o)

48.

49.

50.

51.

rganic
—
S yntheses

249-256, DOI: 10.1039/A809280J. (b) Diana, P.; Barraja, P.; Lauria, A.;
Montalbano, A.; Almerico, A. M.; Dattolo, G.; Cirrincione, G. Pyrrolo[2,1-
d][1,2,3,5]tetrazine-4(3H)-ones, a new class of azolotetrazines with potent
antitumor activity. Bioorg. Med. Chem. 2003, 11, 2371-2380, DOL
10.1016/50968-0896(03)00145-7.

(a) Bhatia, P. A.; Brooks, C. D. W.; Basha, A.; Ratajczyk, J. D.; Gunn, B. P,;
Bouska, J. B.; Lanni, C; Young, P. R; Bell, R. L.; Carter, G. W. 5-
Lipoxygenase  Inhibitors:  Synthesis and  Structure—Activity
Relationships of a Series of 1-Aryl-2H,4H-tetrahydro-1,2,4-triazin-3-ones.
J. Med. Chem. 1996, 39, 3938-3950, DOI: 10.1021/jm960372b. (b) Pacilly, C.
C. P. The action of aliphatic isocyanates on hydrazine derivatives. Rec.
Trav. Chim. des Pays-Bas 1936, 55, 101-121, DOI: 10.1002 / recl.19360550203.
(a) Kane, J. M.; Baron, B. M.; Dudley, M. W.; Sorensen, S. M.; Staeger, M.
A.; Miller, E. P. 2,4-Dihydro-3H-1,2,4-triazol-3-ones as anticonvulsant
agents. J. Med. Chem. 1990, 33, 2772-2777, DOI: 10.1021/jm00172a015. (b)
Cakmak, U.; Oz-Tuncay, F.; Basoglu-Ozdemir, S.; Ayazoglu-Demir, E.;
Demir, I.; Colak, A.; Celik-Uzuner, S.; Erdem, S. S.; Yildirim, N. Synthesis
of hydrazine-containing piperazine or benzimidazole derivatives and
their potential as a-amylase inhibitors by molecular docking, inhibition
kinetics and in vitro cytotoxicity activity studies. Med. Chem. Res. 2021,
30, 1886-1904, DOI: 10.1007/s00044-021-02785-8. (c) Sroor, F. M,;
Basyouni, W. M,; Aly, H. F.; Ali, S. A.; Arafa, A. F. Design, synthesis, and
SAR of novel sulfonylurea derivatives for the treatment of Diabetes
mellitus in rats. Med. Chem. Res. 2022, 31, 195-206, DOI: s00044-021-02829-
Z.
(a) Limal, D.; Grand, V.; Vanderesse, R.; Marraud, M.; Aubry, A. The
semicarbazone peptidomimetic group in imino aza peptides. Tetrahedron
Lett. 1994, 35, 3711-3714, DOI: 10.1016/S0040-4039(00)73078-4. (b)
Niedrich, H.; Oehme, C.; Bergmann, J. Hydrazinverbindungen als
Heterobestandteile in Peptiden. XIX. Synthese von Eledoisinpeptiden,
die den N2-Methyl-carbazoyl-Rest “Azaalanin” enthalten. J. Prak. Chem.
1974, 316, 741-749, DOIL: 10.1002/prac.19743160505. (c) Szimhardt, N.;
Stierstorfer, J. Methylsemicarbazide as a Ligand in Late 3d Transition
Metal Complexes. Chem. Eur. ]. 2018, 24, 2687-2698, DOI
10.1002 / chem.201705030.

Pieczykolan, M.; Narczyk, A.; Stecko, S. The Synthesis of Chiral B,8-
Diaryl Allylic Alcohols and Their Use in the Preparation of a-Tertiary
Allylamines and Quaternary a-Amino Acids. J. Org. Chem. 2017, 82, 5636-
5651, DOL: 10.1021/ acs.joc.7b00475.

Org. Synth. 2026, 103, 301-333 331 DOI: 10.15227 / orgsyn.103.0301



0 rganic
—_—
yntheses

Appendix
Chemical Abstracts Nomenclature (Registry Number)
Cinnamy] alcohol; (104-54-1)

Phenyl carbamate; (622-46-8)
Di-n-butyltin maleate; (78-04-6)
Triethylamine; (121-44-8)
Trifluoroacetyl anhydride (407-25-0)
Methylmagnesium bromide (75-16-1)
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